Extensive pharmacological studies have recently emerged indicating that group 2 metabotropic glutamate receptors (mGluRs) comprising mGluR2 and mGluR3 subtypes are associated with several neurological and psychiatric disorders. mGluR2 is widely distributed both presynaptically and postsynaptically in a variety of neuronal cells, but the physiological role of mGluR2 in brain function is poorly understood. This investigation involves a comprehensive behavioral analysis of mGluR2 ؊͞؊ knockout (KO) mice to explore the physiological role of mGluR2 in brain function. Although, under general observation, mGluR2 ؊͞؊ KO mice appeared to have no behavioral abnormalities, they exhibited several lines of behavioral alterations in the enforcing and defined behavioral tests. They showed a significant increase in locomotor sensitization and conditioned place preference in association with repeated cocaine administration, indicating that mGluR2 contributes to behavioral responses implicated in reinforcement and addiction of cocaine. Upon in vivo microdialysis analysis after cocaine administration, not only did extracellular levels of dopamine increase but also the response pattern of glutamate release markedly changed in the nucleus accumbens of mGluR2 ؊͞؊ KO mice. The mGluR2 ؊͞؊ KO mice also showed significant impairment in motor coordination in the accelerating rota-rod test and exhibited hyperlocomotion in novel environmental and stressful conditions, when assessed by the open-field and forced-swim tests. These results indicate that the inhibitory mGluR2 plays a pivotal role in synaptic regulation of glutamatergic transmission in the neural network.
mGluR2 is expressed in neuronal cells, whereas mGluR3 is distributed in both neuronal and glial cells (11) (12) (13) . In neuronal cells, both mGluR2 and mGluR3 act to inhibit glutamate release as autoreceptors located on glutamatergic axon terminals, or the release of other neurotransmitters as presynaptic heteroreceptors (4, 5) . mGluR2 is also concentrated at dendrites of specified interneurons, including Golgi cells in the cerebellum, cholinergic interneurons in the striatum, and starburst amacrine cells in the retina (11, 12, (14) (15) (16) . Furthermore, a recent study (16) has indicated that postsynaptic mGluR2 suppresses Golgi cell excitability in an input-dependent manner and plays an important role in spatiotemporal regulation of glutamatergic transmission in the cerebellar cortical circuit. However, the physiological and behavioral role of mGluR2 in brain function is poorly understood. To explore not only the physiological role of mGluR2 in brain function but also the mGluR subtype specificity implicated in neurological and psychiatric disorders, this investigation concerns behavioral alterations of mGluR2 Ϫ/Ϫ knockout (KO) mice by comprehensive behavioral analysis. Here, we report that the lack of mGluR2 alters cocaine-induced addictive responses and perturbs the dopamine (DA)-glutamate interaction in the nucleus accumbens (NAc). We also show that mGluR2 deficiency enhances stress-related hyperlocomotion and impairs movement coordination.
Materials and Methods Animals and Behavioral Analysis. mGluR2
Ϫ/Ϫ KO mice and their WT littermates were generated by mating heterozygous mGluR2 ϩ/Ϫ mice as described (17) . Heterozygous mGluR2 ϩ/Ϫ mice were backcrossed to C57BL͞6 background for at least 18 generations. All behavioral tests were carried out with male mice that were 10 weeks old at the start of testing. Animals were provided with food and water ad libitum. All procedures were performed according to the guidelines of Kyoto University (18) . Data were analyzed every 5 min for a 30-min period. Locomotor activity in a familiar environment was measured with an automatically monitoring system of locomotion in a home cage as described (18) . Distance traveled (cm) in their home cage was calculated by using IMAGE HA software modified from NIH IMAGE software (18) . The forced-swim test was performed essentially according to the procedures described by Porsolt et al. (19) . The apparatus consisted of four glass cylinders (30 cm in height and 13 cm in diameter) that were separated by a nontransparent shield. The cylinder was filled with water (23°C) up to a height of 15 cm. A mouse was placed into the cylinder, and its behavior was recorded by a video camera for a 10-and 6-min period for the first and second days, respectively. The immobility time was assessed by manual observation or computer-based automatic analysis (20) . A mouse was judged to be immobile when it made only those movements necessary to keep its head above water.
The parameter recorded was the number of seconds spent immobile. The tail-suspension test was performed for a 10-min test session according to the procedures described by Steru et al. (21) . All other tests were performed as described in the behavioral test battery (18, 20) .
Cocaine Experiments. Mice received i.p. saline or cocaine (5, 10, and 20 mg͞kg). Locomotor activity was assessed in an open-field apparatus (20 ϫ 20 ϫ 30 cm) for a 10-min period immediately after administration of saline or cocaine as described (22) . The conditioned place preference (CPP) test was performed as described (23) .
In Vivo Microdialysis. In vivo microdialysis was performed with male mice at the age of 10-14 weeks. Mice were anesthetized with sodium pentobarbital, and a guide cannula (AG-5, Eicom, Kyoto) was implanted into the NAc: anterior, 1.1 mm and lateral, 1.0 mm from the bregma, and dorsal, Ϫ3.3 mm from the surface of the brain according to Franklin and Paxinos (24) . Three days after surgery and 1 day before microdialysis, a dialysis probe (1 mm membrane in length, AI-5-1, Eicom) was inserted through a guide cannula. Artificial cerebrospinal fluid (aCSF) was perfused at a flow rate of 1.0 l͞min, and fractions of the outflow were collected every 20 min. After collection of three baseline fractions, cocaine (10 mg͞kg) was i.p.-injected. (18) . mGluR2 Ϫ/Ϫ KO mice were healthy and showed no obvious alteration in physical characteristics (body weight, appearance of fur and whiskers, and rectal temperature) ( Table 1 , which is published as supporting information on the PNAS web site). There was no difference in the ability to conduct various behavioral tests between mGluR2 Ϫ/Ϫ KO and WT mice, including wire hang, grip strength, sensorymotor reflexes (eye blink, ear twitch, whisker twitch, righting reflex, and acoustic startle response), and sensory-motor gating (prepulse inhibition) ( Table 1) .
Hyperlocomotion Under Novel Environmental and Stressful Condi-
tions. When the locomotor activity of mGluR2 Ϫ/Ϫ KO and WT mice was tested under conditions where the animals become hyperlocomotive or more mobile, hyperlocomotion phenotypes were consistently observed in mGluR2 Ϫ/Ϫ KO mice. Total distance traveled by mGluR2 Ϫ/Ϫ KO mice was significantly greater than that of WT mice when animals were placed in an open field (Fig. 1A) . On the contrary, once animals were habituated to an environment for 3 days, total distance traveled was no longer different between mGluR2 Ϫ/Ϫ KO and WT mice (data not shown). There was also no difference in a daily rhythmic locomotor activity between these two genotypes after habituation to an environment for 3 days (Fig. 1C) . The hyperlocomotive tendency of mGluR2 Ϫ/Ϫ KO mice in the novel environment was also noted in the light͞dark transition test, the elevated-plus maze test, and the social interaction test (Fig. 1B) , although the observed hyperlocomotion was mild in these tests and was not found to be statistically significant between mGluR2 Ϫ/Ϫ KO and WT mice. Interestingly, the time spent in the central part of the open field, the time spent in the light box of the light͞dark transition test, the time spent on an open arm in the elevated-plus maze test, and the duration of contacts in the social interaction test were all comparable between mGluR2 Ϫ/Ϫ KO and WT mice (Table 1) . These indices showing no statistical differences between the two genotypes are considered to be related to anxiety. It is thus more likely that the observed increase in locomotion of mGluR2 Ϫ/Ϫ KO mice in the different tests is primarily caused by their hyperactivity rather than an increase in anxiety.
We also measured locomotor activity under a stressful condition by performing the forced-swim test. When mGluR2 Ϫ/Ϫ KO and WT mice were placed in a water-filled cylinder, they gradually became less mobile with no statistical difference on the first day ( Fig. 2A) . However, mGluR2 Ϫ/Ϫ KO mice were significantly more mobile on the second day as compared with WT mice (Fig. 2B ). The high mobility in the forced-swim test is also related to an antidepressant activity. Tail suspension, a different depression-related behavior, was thus tested, but there was no difference in the immobility time in the tail-suspension test between WT and mGluR2 Ϫ/Ϫ KO mice (WT, 269.4 Ϯ 21.6 sec; KO, 263.7 Ϯ 31.4 sec, P ϭ 0.88). The mGluR2 Ϫ/Ϫ KO mice thus display hyperactivity under stressful conditions. Impairment of Motor Coordination in mGluR2 ؊͞؊ KO Mice. The cerebellum plays an important role in controlling motor coordination (26) . In the cerebellum, mGluR2 is preferentially and highly expressed in Golgi cells both presynaptically and postsynaptically (11, 12) , and both presynaptic and postsynaptic mGluR2 plays an important role in spatiotemporal regulation of glutamatergic transmission in the cerebellar cortical circuitry (16, 27, 28) . Despite discernible response changes of mGluR2 Ϫ/Ϫ KO Golgi cells in cerebellar slices (16) , mGluR2
Ϫ/Ϫ KO mice showed no obvious movement disorders such as cerebellar ataxia under ordinary conditions (17) . We addressed whether mGluR2 Ϫ/Ϫ KO mice could manage a challenging motor task that requires more demanding motor coordination. When mGluR2 Ϫ/Ϫ KO and WT mice were forced to manage an accelerating rota-rod, mGluR2 Ϫ/Ϫ KO mice exhibited a significant impairment in their ability to remain on a rotating rod as compared with WT mice not only at the initial trial but also throughout the course of repeated trials (Fig. 3) . The performance of mGluR2 Ϫ/Ϫ KO mice in remaining on a rotating rota-rod became progressively improved during repeated trials (Fig. 3) . The impairment of mGluR2 Ϫ/Ϫ KO mice in the rota-rod test thus most likely reflects a defect of motor coordination rather than a defect of motor learning. The caudate-putamen and NAc play a crucial role in controlling locomotor activity (29-31). The NAc also serves as a neural substrate that is implicated in reinforcement and addiction of drugs of abuse (32) (33) (34) . It has recently been reported that group 2 mGluR-selective agonists and antagonists influence hyperlocomotor activity in rodents, after single or repeated administration of drugs of abuse. However, studies concerning their effects on drug-induced behavioral changes have been contradictory (9, 10, (35) (36) (37) . We addressed whether mGluR2 deficiency affects behavioral changes induced by repeated cocaine administration. Daily administration of cocaine at doses of 10 mg and 20 mg͞kg progressively increased locomotor activity, called locomotor sensitization, in both mGluR2 Ϫ/Ϫ KO and WT mice (Fig. 4 B and C) . No such increase in locomotor activity was observed in the two genotypes after daily administration of saline (Fig. 4A) . Importantly, mGluR2 Ϫ/Ϫ KO mice exhibited a significant increase in locomotor sensitization at both doses of cocaine (Fig. 4 B and C) , indicating that mGluR2 deficiency enhances the responses to repeated cocaine exposure.
Cocaine can also establish preference for an environment associated with repeated cocaine exposure, called CPP (38, 39) . This CPP paradigm serves as a model of reinforcement and addiction of cocaine administration (38, 39) . We addressed whether mGluR2 deficiency results in enhancement of CPP induced by chronic cocaine exposure. Animals were conditioned with repeated cocaine administration at doses of 5, 10, and 20 mg͞kg in one of two chambers that differed visually and texturally. Before conditioning, both mGluR2 Ϫ/Ϫ KO and WT Mice were placed in a water-filled cylinder, and their immobility time was measured every 1 min for a 10-and a 6-min period on the first (A) and second (B) days, respectively (n ϭ 9 for both WT and KO). The immobility time is not significantly different between the two genotypes on the first day [genotype effect, F(1, 16) ϭ 0.041, P ϭ 0.841] but significantly decreases in mGluR2 Ϫ/Ϫ KO mice as compared with WT mice on the second day [genotype effect, F(1, 16) ϭ 9.255, P ϭ 0.0078] ( * , P Ͻ 0.05; ** , P Ͻ 0.01). mice visited the two chambers with no preference (Fig. 5 ). After conditioning with cocaine for 3 days, both groups exhibited CPP. However, mGluR2
Ϫ/Ϫ KO mice showed a significant enhancement in CPP after cocaine administration at doses of 10 and 20 mg͞kg (Fig. 5) . A low dose of cocaine (5 mg͞kg) also tended to increase CPP in mGluR2 Ϫ/Ϫ KO mice, although this difference was not statistically significant between the two genotypes (Fig.  5) . The two different paradigms of cocaine-induced behavioral responses have thus provided compelling evidence that mGluR2 contributes to behavioral responses associated with reinforcement and addiction of cocaine.
Changes in Release of DA and Glutamate in mGluR2 ؊͞؊ KO NAc by
Cocaine Administration. The acute administration of cocaine increases extracellular levels of DA in the NAc (40) . We performed in vivo microdialysis analysis to address whether the mGluR2 deficiency influences extracellular levels of DA and glutamate in the NAc after cocaine administration. Samples were collected from the NAc of freely moving mice, and extracellular levels of DA and glutamate were assessed by HPLC before and after i.p. injection of cocaine (10 mg͞kg). Basal levels of DA and glutamate before cocaine administration were comparable between mGluR2 Ϫ/Ϫ KO and WT mice (Fig. 6 ). Cocaine administration increased extracellular levels of DA in both genotypes, but the cocaine-induced increase of DA was much higher in mGluR2 Ϫ/Ϫ KO mice than in WT mice, and a statistically significant increase was noted for the first 20 min after cocaine administration (Fig. 6A) . As reported (41), cocaine administration had no immediate effect on glutamate release in the NAc of WT mice, and extracellular levels of glutamate gradually increased after cocaine administration (Fig. 6B) . Remarkably, extracellular glutamate levels rapidly increased in the NAc of mGluR2 Ϫ/Ϫ KO mice after cocaine administration ( Discussion mGluR2 is widely distributed in a variety of neuronal cells (11, 12, 42) , but mGluR2 Ϫ/Ϫ KO mice show no obvious behavioral abnormality under ordinary conditions (17) . The present investigation has indicated that the mGluR2-null mutation causes several lines of altering responses in the more enforcing and defined behavioral tests. One clear behavioral alteration in mGluR2 Ϫ/Ϫ KO mice is the significant increase of cocaineinduced behavioral responses implicated in reinforcement and addiction of this drug (32, 38, 39) . The important neural network for cocaine reinforcement and addiction is the mesolimbic dopaminergic system that originates in the ventral tegmental area and that targets the NAc (32, 33) . Cocaine blocks the activity of DA transporters, and the resultant increase of DA leads to cocaine-induced neural adaptation in the NAc neural circuitry (33) . In addition to the dopaminergic system, the glutamatergic pathway originates in the prefrontal cortex and projects to the NAc (43) . Consequently, the convergent interactions of DA and glutamate control the cellular and behavioral F(1, 17) ϭ 6.397, P ϭ 0.022] ( * , P Ͻ 0.05; ** , P Ͻ 0.01). In C, there is a significant interaction between genotype and time by repeated cocaine administration [F(4, 80) ϭ 4.712, P ϭ 0.0018], and a significant increase in locomotor activity is noted in mGluR2 Ϫ/Ϫ KO mice as compared with WT mice at all time points after cocaine treatment ( * , P Ͻ 0.05; ** , P Ͻ 0.01; *** , P Ͻ 0.001). responses to drugs of abuse (34) . Gene targeting and pharmacological studies have indicated that both ionotropic GluRs and mGluRs participate in biochemical and behavioral responses to abused drugs and psychostimulants (44) . It has been reported that the group 2 mGluR-selective agonists LY379268 and LY354740 inhibit the hyperlocomotion induced by psychostimulants and psychotomimetic drugs such as amphetamine and phencyclidine (9, 10) . However, it has also been reported that the group 2 mGluR-selective antagonist (2S)-␣-ethylglutamic acid injected into the NAc similarly inhibit amphetamine-induced hyperlocomotion (35) . In the present investigation, the suppressive effect of mGluR2 on cocaine-induced adaptation is explicitly revealed by locomotor sensitization and CPP analysis. Interestingly, mGluR5 coupling to inositol 1,4,5-trisphosphate͞ Ca 2ϩ signaling has been shown to be essential for cocaineinduced adaptation, so that mGluR 5 Ϫ/Ϫ KO mice displayed no cocaine-induced locomotor sensitization, nor self-administration of cocaine after repeated cocaine administration (45) . The specific and different subtypes of mGluRs thus play a critical role in neural adaptation implicated in drug addiction.
The other behavioral change of mGluR2 Ϫ/Ϫ KO mice is the significant increase in locomotion under novel environmental and stressful conditions. A number of pharmacological experiments by using group 2 mGluR-selective agonists and antagonists have revealed a critical role for group 2 mGluRs in locomotor function, but the results of these experiments are also contradictory. The systemic and the local NAc injection of the group 2 mGluR-selective antagonist LY341495 has been shown to induce hyperlocomotion (46, 47) , but the NAc injection of group 2 mGluR-selective agonists, (2S,2ЈR,3ЈR)-2-(2Ј,3Ј-dicarboxycyclopropyl)glycine (DCG-IV) and (2SЈ5,2ЈS)-2-(carboxycyclopropyl)glycine (L-CCG-1), has also been reported to induce hyperlocomotion (36, 48) . This discrepancy may result from different experimental conditions, cross-reaction with other glutamate receptors or differences in the overall and local effects of the agonists͞antagonists used. The present investigation has indicated that mGluR2 is suppressive in stress-related hyperlocomotion. Interestingly, forced swimming and tail suspension are both related to animal models of depression, but the behavioral change of mGluR2 Ϫ/Ϫ KO mice was observed only in the repeated forced-swim test but not in the tail suspension test. It has recently been reported that the dopaminergic system is involved in mobility in the forced-swim test but not in the tail suspension test (49) . Furthermore, the close relationship between enhanced responsiveness to cocaine and reduced immobility in the forced-swim test has been reported by herpes simplex virus-mediated overexpression of the dominant-negative cAMP response element-binding protein transcription factor in the NAc (50) . The altered dopaminergic system in the NAc of mGluR2 Ϫ/Ϫ KO mice may thus also participate, at least partly, in their behavioral alterations under stressful conditions.
The impaired ability to conduct the accelerating rota-rod test is another characteristic of mGluR2 deficiency. Motor coordination is controlled by various brain regions, including the motor cortex, basal ganglia, and cerebellum (51) . In the cerebellum, Golgi cells receive glutamatergic input from granule cells, and in turn, suppress these cells by means of the inhibitory GABA transmitter (26, 28) . mGluR2 is intensely distributed both presynaptically and postsynaptically in Golgi cells, and the presynaptic and postsynaptic mGluR2 plays an important role in processing and integrating incoming input in the cerebellar cortical network (16, 28) . It would thus be interesting to investigate whether, and how, the lack of inhibitory mGluR2 in Golgi cells is involved in dysfunction of motor coordination as exemplified by the rota-rod test.
Finally, in vivo microdialysis analysis has indicated that extracellular levels of DA significantly increase in the NAc of mGluR2 Ϫ/Ϫ KO mice after cocaine administration. More interestingly, extracellular glutamate levels markedly increase in the NAc of mGluR2 Ϫ/Ϫ KO mice immediately after cocaine administration. Cocaine activates the mesolimbic dopaminergic system at both prefrontal cortex and NAc and increases DA levels in both regions (40, 41) . Furthermore, it has been reported by pharmacological studies that group 2 mGluRs inhibit pyramidal neurons postsynaptically at the prefrontal cortex and presynaptically at the NAc in a stimulus-dependent manner (52) (53) (54) (55) (56) . It is thus conceivable that the lack of mGluR2 relieves the inhibition of pyramidal neurons at both the prefrontal cortex and NAc and leads to increase glutamate release in the NAc. Under this situation, the excess glutamate could stimulate ␣-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptors and NMDA receptors at the presynaptic terminals of DA neurons in the NAc (57, 58) , and further increase DA levels in the NAc. Thus, there is close interaction between mGluR2 and the dopaminergic system, and mGluR2 would play an important role in regulating the dopaminergic system both presynaptically and postsynaptically. The precise mechanism underlying mGluR2-mediated synaptic regulation needs further investigation, but the obvious behavioral alterations of mGluR2 Ϫ/Ϫ KO mice will provide a clue to study mGluR2-mediated glutamatergic transmission in the neural network. Data are normalized to percent changes by the average value of three baseline fractions. In A, basal levels of DA in the NAc show no difference between WT and mGluR2 Ϫ/Ϫ KO mice (WT, 0.60 Ϯ 0.043 nM, n ϭ 6; KO, 0.59 Ϯ 0.081, n ϭ 5). In both genotypes, cocaine significantly increases extracellular levels of DA as compared with basal levels at time points of 20, 40, and 60 min after cocaine administration (P Ͻ 0.01). There is a significant interaction between genotype and time [F(5, 45) ϭ 2.808, P ϭ 0.027] and a significant increase at the first fraction after cocaine administration in mGluR2 Ϫ/Ϫ KO mice as compared with WT mice ( * , P ϭ 0.016). In B, basal levels of glutamate in the NAc showed no difference between WT and mGluR2 Ϫ/Ϫ KO mice (WT, 82.4 Ϯ 8.1 nM, n ϭ 6; KO, 76.8 Ϯ 11.6, n ϭ 5). In mGluR2 Ϫ/Ϫ KO mice, extracellular levels of glutamate significantly increase at 20 min (P Ͻ 0.01) and 120 min (P Ͻ 0.05) after cocaine administration as compared with basal levels. There are a significant interaction between genotype and time [F(5, 45) ϭ 2.726, P ϭ 0.031] and a significant increase at the first fraction after cocaine administration in mGluR2 Ϫ/Ϫ KO mice as compared with WT mice ( ** , P ϭ 0.002).
